Measurements are essential to geotechnical practice. This paper examines the current state of geotechnical measurements in terms of the advances that have been made and the retreats that have accompanied these advances. Laboratory measurements are used to obtain mechanical and physical properties of geologic materials for analysis and design. Modern electronics makes possible a wide variety of laboratory tests to measure strength, stress-strain behavior and permeability. Automated testing systems offer many advantages, but they also produce problems. Capabilities of automated testing systems are presented and discussed along with advantages and problems. Field measurements of performance have been central to advancements in geotechnical practice. Experience gained from one of the largest geotechnical instrumentation programs ever undertaken is presented and discussed. The paper concludes with some observations about the current state of geotechnical measurement practice.
Introduction
Measurements are an essential component of any successful geotechnical practice. I learned valuable lessons on this point from two of the greatest teachers in our field, Drs. Peck and Lambe. Early in my days at MIT, I played a small role in a research project involving negative skin friction on piles. Professor Lambe had organized his first prediction symposium for which his group had researched and instrumented a pile in a bridge abutment north of Boston. The plan was to cut the pile loose from the abutment, apply electro-osmosis to relieve the shear stresses on the pile, and measure the rebound from which the downdrag load in the pile could be determined. In advance of the field work, various groups made predictions of the pile's response. Lambe asked Peck to be an unbiased witness to the pile's response. Our MIT group had rigged up an elaborate system of instruments to measure movement of the pile and strains within the pile and had these instruments connected to a data logging system. We were quite impressed with our ingenuity. Dr. Peck came to witness the setup before we were to "turn on the juice." We crawled with him into the dark void beneath the abutment, showed him our work and waited for his praises. Instead, he opened his coat and removed a 6-inch scale, a pencil and a small notebook from his pocket. He made some marks on either side of the planned cut and measured the distance between the marks with his scale. He wrote the measurements into his book and crawled out. Some time later after the pile was cut and the current applied, Dr. Peck came again, entered into the void, removed his ruler from his pocket and again measured the same distances. He wrote the numbers into his notebook and left without comment.
At the time I felt rebuffed by Dr. Peck's actions. I thought that he must not trust MIT's ability to obtain very precise readings in large quantities. Later, as I gathered more experience from troubled measurement systems, Dr. Peck's actions beneath that bridge abutment kept coming back to me. After some reflection, I realized that without saying a word, he had taught me one of the most valuable lessons of my professional life -have a simple, reliable backup for any important measurement. I am forever indebted to him for that lesson.
The lesson from Dr. Lambe was likewise a simple one. It came from a statement that he often made. "Give me a number. The best adjective is a number." While my wife responds much better to my statement that she looks beautiful than she does to my statement that she looks like a 9.7, Dr. Lambe's point is very appropriate to geotechnical engineering today. I can hardly read one of our reports without hearing Lambe's words and replacing the general adjectives and with quantitative ones.
Engineers are in the business of creating things based on numbers. Measurements give us the means to obtain realistic and meaningful numbers. The giants in our field excelled at taking the right measurements and knowing what to do with them.
By geotechnical measurements I mean the observations of the physical state of subsurface materials and how that state responds to changes in the physical environment. These measurements may be carried out in the laboratory on representative samples of the materials. They may be made in situ as either a measurement of a property or an observation of the change of physical state, such as a movement or a change in pore water pressure. Geotechnical measurements have provided the life blood for advances in modern geotechnical engineering. Karl Terzaghi writing in 1936 said, "I came to the United States and hoped to discover the philosopher's stone by accumulating and coordinating geological information....It took me two years of strenuous work to discover that geological information must be supplemented by numerical data which can only be obtained by physical tests carried out in a laboratory." Table 1 shows my biased characterization of the development of modern geotechnical engineering by decade. The table attempts to capture the central role of geotechnical measurements to every decade of progress in our field. It ends on an alarming observation though -my perception that in geotechnical engineering today, there is a significant trend away from using measurements of hard data for the specific site. I will return to this point later. 
Laboratory Measurements of Properties
Today, we have an amazing choice of devices with which to equip our laboratories. In general, this equipment is more reliable, accurate, durable and capable than its predecessors. Figure 1 shows a universal testing system that we use for consolidation, strength and permeability testing in our laboratory. By changing the test cell and the software, this equipment can run most of the more sophisticated tests we perform on soils and weak rocks. Figure 2 shows this system configured for incremental consolidation testing. By having the computer determine when primary consolidation is over and automatically proceeding to the next load step, this system can complete an entire incremental consolidation test without human intervention. The automated system runs the test equipment, logs the test data, provides the technician with real-time data on the test, and shuts down the equipment when the test is complete. Load is maintained to within 1 kPa (0.01 tsf). Vertical displacement is read and maintained to within 0.001 mm (0.00005 inch). The test data are reduced and reports produced with software provided with the system. With this system, we typically complete an incremental consolidation test on Boston Blue Clay consisting of 12-17 load steps in 30-48 hours. This is a major reduction in time compared to the traditional approach where a new load is applied every 24 hours, five days a week, requiring 2-3 weeks to complete the test. Likewise, there is a significant reduction in man time required for the test with most tests completed and the report prepared with less than one man hour. Figure 3 illustrates results for an incremental consolidation test obtained with a total of one man hour of labor, of which 60% was required to prepare the specimen, set up the test, and tear down the test.
By changing the consolidation cell and control software, this same system can run constant rate of strain consolidation, constant rate of loading, constant gradient and constant pore pressure ratio consolidation tests. By using a Rowe cell, the system can also measure consolidation with radial drainage, thereby giving us a measure of horizontal coefficient of consolidation under vertical loading. Figure 4 shows the universal testing system configured for triaxial testing. Computer controlled flow pumps are used to control cell pressure and back pressure. The flow pumps can resolve volume changes as small as 0.001 ml and maintain pressures to within 0.05 kPa (0.005 psi or 0.1 inch of water head) over a pressure range of 300 psi. The only external input to this system is a power source, e.g. no air compressor and no mercury pots.
With the load frame controlling the vertical force on the sample, one flow pump controlling the chamber pressure, and the other flow pump controlling the backpressure, this system provides complete control over the stresses in a trixial cell. This system can run unconsolidated undrained, consolidated undrained, K o consolidated undrained, consolidated drained and stress path triaxial tests. In fact, it can run any stress path that can be produced in a triaxial cell. For a triaxial test, all phases of the test can be programmed at the beginning and the entire test run without intervention by the technician. This includes backpressure-saturation, consolidation, and the shear phases of the test. Automation of all phases permits the system to complete triaxial tests much faster than conventional equipment allows. For many materials, we set up the equipment in the morning, backpressure-saturate during the day, start consolidation near the end of the day, and shear the sample overnight. Much of our triaxial testing is completed within 24 hours from the start. Longer testing times are used for tests on highly plastic materials with long consolidation times and for special tests. Figure 5 illustrates a set of triaxial tests obtained with a total of five hours of labor, of which 75% was required to prepare the specimens and set up the tests. Table 2 summarizes the tests that can be performed with this Universal Testing System. It's rather remarkable that one basic system can provide essentially all of the more sophisticated tests done today to measure soil properties in a laboratory. Having one test station capable of performing all of the tests in Table 3 permits us to obtain a high utilization rate for the equipment and minimize the lab space required to perform the tests. The preceding discussion focused on automated equipment. More powerful electronics at lower costs and reliable sensors with higher sensitivity and stability have made the automation possible. Simultaneous developments in mechanical materials and components have made laboratory equipment more durable and reliable. Most of us probably recall considerable frustration with leaky valves on triaxial cells. New valve designs are amazingly reliable and less expensive. Our lab has valves that have sustained 10 years of heavy use without leaking. Reliable quick-connect connectors, stainless steel components, low friction bearings, and stiff plastic tubing are a few examples of new materials that simplify and improve lab equipment. Today's triaxial cells are comparatively simple and reliable compared to designs of 10-20 years ago.
A modern, well equipped geotechnical laboratory is an impressive display of computers, electronic gadgets and test chambers. With a trained staff, it can produce remarkable data on the physical properties of subsurface materials, quickly and at a reasonable cost. Table 3 summarizes some of the benefits we have enjoyed from automating our laboratory. Automation provides many more benefits than the obvious one of saving meantime and reducing costs. Automated equipment has also improved the sensitivity with which we can obtain measurements. Typical equipment can now measure pressure to 0.005 psi (0.1 inch of water, or 0.3 kPa). Force can be measured to 0.05 lb (0.22 N) and displacement to 0.00005 in (2*10 -6 mm). Volume change can be measured to 0.001 cc. For special applications these resolutions can be divided by 10, provided temperature is precisely controlled. These resolutions greatly improve our ability to look at parametric variations and perform specialized tests.
We have experienced some drawbacks associated with using automated test equipment in the laboratory. Automated equipment tends to have high upfront cost for the equipment. Startup costs may be higher due to the longer time to shake down the equipment and train new users. Automation generally requires a higher knowledge level of the technician. This can produce efficiency problems if staff turnover is high. Repairs can be time consuming. Calibrations should be performed more frequently. We find it is too easy to completely lose test data with these systems due to problems manipulating the computer files. Power brownouts or blackouts have destroyed complete tests, but we have overcome this problem by placing every system on an uninterruptable power supply. We also find that our technicians begin to rely too much on the computer to run the test and produce the test report. It's difficult to get them to observe key parts of the test and examine the test results carefully.
There are also several external factors which I believe reflect a retreat by our profession from quality laboratory work. We see a shortage of people with interest in lab work and with hands-on knowledge of soil behavior. I also perceive a decreased appreciation by practitioners of the importance of soil behavior to good design. As some degree of proof of this point, I offer our own experience. Aside from tests done for our own projects and work for Prof. T. W. Lambe, over the past five years we have had no requests to perform CK 0 U triaxial tests, no requests for constant rate of consolidation tests, and no requests for stress path tests. There appears to be a gross imbalance between what we teach in universities and write papers about and what is actually done in practice. This imbalance is made even worst by the recent trend to treat geotechnical testing as a commodity service, i.e., a situation where all labs are considered to be qualified to do the work so use the one offering the best price.
Field Measurements of Properties
I don't have much to contribute on in situ measurement of properties because that's not my area of practice. However, we should all be aware that there are important developments taking place which may help our future practice capabilities. These include SASW methods (Spectral Analysis of Surface Waves), ground penetrating radar and seismic tomography. They are largely made possible by advances in electronics.
Today, we have a plethora of in situ devices, such as various pressuremeters, the dilatometer and the cone, that get a lot of attention from academic researchers but limited use in practice. It's not clear how these devices will affect our practice. It seems to me that most of them give index measures of one or more physical properties. We know that soil behavior is directly related to stress path. In general, the stress path and drainage conditions imposed by these devices do not resemble those developed by actual facilities. In addition, with these devices we know little, if anything, about the sample that is being tested.
Field Measurements of Performance
As illustrated in the introduction, field measurements of performance have been highly instrumental to advances made in geotechnical engineering. They remain a vital component of many projects today. Over the past fifty years, a wide variety of devices have been developed to measure force, deformation, velocity, acceleration, total stress, pore pressure, strain, tilt and temperature. In my opinion, the past twenty years have produced only marginal improvements over the original developments, except those resulting from the use of microelectronics. Slope inclinometers, piezometers, total stress cells, strain gages and load cells haven't changed much in their basic designs. Marginal improvements have lead to more stable and more reliable devices. Manufacturing productivity and competition has held prices relatively stable for the past decade.
On the other hand data logging, data communications and data management equipment have gone through several generations of development over the last two decades. These changes are resulting in simpler equipment that operates more reliably, has more features and costs less to purchase.
One way to examine where we are with respect to field measurements is to look at one of the largest ongoing instrumentation projects in the world. This is the Central Artery/Tunnel Project for the Massachusetts Turnpike Authority in Boston, MA. This project involves constructing 7 miles of underground highway through the center of the city while maintaining an existing elevated highway above it. The alignment passes by more than 100 historic buildings and comes within tens of feet of several major high-rise buildings. Figure 6 gives the general picture above ground. Excavations more than 100 ft deep and 100 ft wide, some of which are in soft clay, must be made. The project potentially impacts numerous abutters and adjoins or interfaces with other important transportation facilities operated by Amtrak, Massachusetts Bay Transportation Authority, and Massachusetts Port Authority.
Bechtel/Parsons Brinkerhoff (B/PB), working as the management consultant for the Massachusetts Turnpike Authority, prepared the conceptual design for the project and now oversees the section design and construction contracts. The project was divided into numerous sections, each with its own designer and sub consultants.
Several factors support the need for a major geotechnical instrumentation program. These include the variety of underground conditions including soft soil at great depths, the close proximity of important and sensitive structures, the need to employ construction methods new to the area, and the desire to maintain a safe project. B/PB developed a set of specifications for geotechnical instrumentation for project-wide use. Each section designer developed an instrumentation plan for his particular design. Each section contractor was made responsible for installing the instrumentation and making it operational.
MHD let a contract to collect, process and report the data for all geotechnical instrumentation over the entire project. GEOCOMP in a joint venture with T.L. Brown and Associates of Millersville, MD, was the low bidder and was awarded the contract for a period of six years. We are now completing our first year of that contract.
Over the life of the contract, we must track up to 10,000 separate instruments. These include observation wells, piezometers, load cells, strain gauges, crack meters, extensometers, inclinometers, tilt meters and seismographs. We presently read approximately 1,300 individual instruments each week and expect to read 2,000 to 3,000 per weak at the peak of the job. We read 45 seismographs daily. The seismographs are used to monitor vibrations at sensitive locations. We reduce, check and transfer data to the project data base and provide a hard copy of the tabulated results with graphs for instruments that show significant changes. All measurements taken by optical survey are obtained by another contractor.
Rapid turnaround of data is a key requirement of the contract. We must collect, process and report seismograph data by 4:00 p.m. of the same day. We must collect, process and report other data by 8:00 a.m. of the following day. We must maintain a readiness to read and report any instrument within two hours. The daily report amounts to about two inches (50 mm) of paper, or a stack more than three feet (one m) high each month! The monthly invoice is typically 30 pages long! For this we are paid on a unit price basis. We receive the contract amount of money for each valid reading. We receive no payment for invalid or incomplete data. We incur cost penalties for late data. As far as we can determine, the payment provisions of this contract are unique for a geotechnical instrumentation contract. They encourage us to find productive ways to obtain valid data on time.
We do not interpret the data. That function resides with the B/PB and contracting staff. However, we do determine and report those instruments with readings in excess of threshold and limiting values established for each construction contract.
The payment provisions of this contract forced us to rethink how we do data acquisition and management for a geotechnical instrumentation project. We considered purchasing and installing a large quantity of data loggers to do the job. However, with typical reading frequencies of once per month to once per week, it was more cost effective to send a technician to the instrument with a readout unit than to add the automation. With a heavy dependence on our technicians, we looked for ways to make them as efficient as possible.
We focused on three main issues: make the technician as productive as possible, minimize errors, and identify suspect data as early as possible. We addressed these issues with training and technology. Each technician goes through a training program to teach them the importance of the work, how to read the instruments and how to identify and correct errors. There's nothing novel with that part, except that we actually do it. The technology side consisted of two parts. The first was the decision to have each technician use a handheld computer to enter raw data in the field. The second was the development of a significant amount of software to process the raw data into the final product for the client. Figure 7 shows the handheld computer we use. It consists of a Psion Workabout that runs off of two AA batteries. We refer to it as a PDR, Personal Data Recorder. It is programmable and can store several megabytes of data. We wrote software for the PDR to guide a technician through his work. Data for manually read instruments such as observation wells are keyed into the PDR. Electronic readout boxes for vibrating wire instruments and inclinometers are connected to the PDR and automatically added to the data file. We initially had the technicians enter data into their PDRs and record data on data sheets to provide a backup, but time proved the PDRs to be so reliable that we dispensed with the data sheets and now rely totally on the PDRs.
With time and experience we expanded the role of the PDRs. We added the technician's daily work list so that he could track all instruments to be read each day and thus not miss one. We added software to compare a reading with the recent history of readings for that instrument immediately after it was taken. If the reading is sufficiently different from the recent history, the technician is instructed to take the reading again. If the reading is verified to fall outside preset limits, the technician is instructed who to call to give immediate notification that a limiting value has been exceeded. These features considerably reduce the number of invalid data reported to the client and speed our ability to make timely reports to the right people.
At the end of a shift each technician connects his PDR to a desktop computer to download his day's work into the field database. We developed a separate set of software programs to manage the data in this field database, check it for errors and prepare it for delivery to the client. When ready, it is sent electronically to the project central database where it can be combined with other information to produce all types of reports. We also print tabulations and graphs of the data for use by the onsite project staff the next day.
The significant advance in geotechnical instrumentation we have experienced on this project is the benefits we are gaining by using computers to collect and process the data from the instruments. They help us minimize errors in the reported data, get productive use of our staff and transmit the data to the client quickly.
Despite the high technology approach and the efforts of a conscientious team, we are experiencing some problems. Accessing instruments is a big issue. We cannot read instruments that are covered or damaged by contractors, under parked cars or positioned in heavy traffic. Some 10-15% of the instrumentation is affected by these problems. Since we can't collect a valid reading, we don't get paid for these instruments. We are working on efforts to reduce this problem but progress is painfully slow.
We also spend considerable time troubleshooting instruments that give unexpected changes in readings. The reason for the change may be error, instrument problems or an actual change. It can take considerable man time to track down the cause. Sometimes we can't find the cause.
We are also experiencing considerable problems with readout boxes and cables, particularly for inclinometers. Many of the inclinometer casings for the project are more than 100 ft long and threshold deformations are 3/4 inch. The inclinometer cables are being used on up to 10 inclinometers per day each day. Some have developed problems after only a few weeks of use. Any slight change in the inclinometer probe, readout box, or cable can cause the computed deformation to exceed 3/4 inch and trigger a false warning. We have had to implement a program where we assign a specific cable to each inclinometer probe and assign a particular probe to each casing together with a backup probe and cable. We take readings with the backup probe and cable when both probes are in good working condition so that we have a checked backup instrument to use when the primary probe develops problems.
From this large field measurement project we are seeing that much of the instrument technology is the same as what we've used for the past 30 years. On a large job like this, the biggest task is resource and data management. Computers help us do this task efficiently. We achieve almost real time data management by combining field computers with validation checks and trained technicians to deliver reliable data to the client within hours.
Despite our original expectations, we have not used data loggers significantly because they were not cost effective for the requirements of this project. This picture is changing however. Ongoing developments in electronics and sensor technology are considerably lowering the cost and increasing the capabilities of data loggers to make them more competitive. We have recently developed a unit that combines the data logger and sensor with a radio transmitter in one small box. Figure 8 shows the unit containing a telemeter to measure the outward movement of the facade on brick-faced buildings. The unit is bolted to the side of the building and runs off of solar power. Readings are collected remotely by computer using radio transmissions.
We are also experimenting with new sensors developed for large scale consumer applications, such as pressure transducers and load cells. These sensors have much improved stability and reliability and cost much less. For example, new piezo-resistive pressure transducers typically have linearity and hysterisis errors less than 0.1% of full scale range, long term stability of offset and span of less than 0.1% of full scale range, and repeatability error of less than 0.01% of full scale range. I think that the combination of lower cost for more powerful electronics, cheaper sensors and improved communications will revolutionize the opportunities available to us in field measurements over the next few years. We are very close to being able to view the readings from an instrument located anywhere in the world on our WEB browser. If we could only find less expensive ways to get the instruments into the ground, we might see a dramatic climb in the utilization of geotechnical field measurements.
Closing Remarks
Market pressures are limiting the demand for lab and field measurements. The budget for these items is typically the first item cut when a project's finances tighten. The belief by many engineers that experience or conservative design negates the need for additional data decreases demand for measurements. The decline of large organizations with missions that support innovation in design and construction slows the momentum for improving on what we do.
We have difficulty communicating the value of lab and field measurements to owners and contractors. What contractor ever saw a geotechnical instrument that he thought helped him (unless it was one he put in as part of a value engineering or design-build project). Perhaps the specialists in risk assessment can help us develop simple quantitative ways to demonstrate the financial value of lab and field measurements in reducing uncertainty and risk.
The trend to treat both lab and field measurements as a commodity disturbs me. Fellow engineers are some of the more demanding price shoppers. The participation quotas on many design and construction contracts make it even more difficult to get a quality measurement program in place, not because there aren't quality firms to fulfill the quota requirements, but because the primary goal becomes fulfilling the participation quota and not obtaining a quality job. I hope that our profession can take steps to improve the way we deliver services to increase the importance of competence and quality over price.
Today's geotechnical engineer has a vastly improved measurement technology compared to that of 15-20 years ago. The measurement concepts and techniques are not radically different, but measurement systems are more reliable, more durable, and less costly. They will continue to become more so. The future challenges in geotechnical measurements will be to what extent we use these technologies and how we manage the information produced by them. It is already difficult to obtain the resources to effectively portray, interpret and use lab and field data. How will we effectively deal with too much information that will be generated by future lab and field equipment? How much data is enough? How do we separate good information from bad information? How will we get the right data where it is needed in the form it is needed, when it is needed? These are challenging questions that I look forward to playing a role in finding the answers. 
